Introduction
Coal has huge reserves and low prices in comparison to oil and gas. Depletion time of coal reserves is more than 100 years which is approximately three times bigger than oil and gas. Thus coal being clean energy source will become energy substitute for oil and gas in future [1] . Coal share in the world power generation mix is more than 40% [2] . Coal-fired plants continue to be the largest source of electricity generation all over the world although their market share declines a bit due to exploitation of the renewable resources. In Pakistan, power generation policy has shifted the interest from oil and gas to coal based power generation [3] . At present, the share of coal in power generation of Pakistan is less than 1% [4] and could be increased considerably using low grade coals such as sub-bituminous in Salt Range and Trans Indus Range in Punjab & Baluchistan and Iignite in Thar and Lakhra (Sindh). Coal based power generation represents an economic solution by using these low grade local coals of Pakistan as well as use of their blends with imported coals which would ensure high performance and compliance with environmental regulations.
One feasible method for small to medium scale power production is Fluidized Bed Combustion (FBC). This technology is flexible enough to utilize low grade and non-compliant quality coal whilst maintaining low emissions of Sulphur Oxides (SO x ) and Nitrogen Oxides (NO x ) [5] [6] [7] [8] . In open literature, geological aspects and combustion perspectives of Pakistani coal have not been fully investigated. The regional geologic studies of the coal-bearing areas in Northern Pakistan were conducted under Potwar Regional Framework Assessment Project (PRFAP) and the assessment of coal resources for Pakistan was done under Coal Resources Exploration and Assessment Program (COALREAP), a joint study by US Geological Survey (USGS) and Geological Survey of Pakistan (GSP) [9] . Latest work on regional geology, local geology, coalfield stratigraphy and coal resources of Salt Range and Trans Indus Range has been done by M/S Snowden for Mines and Minerals Department of Punjab Pakistan [10] . M/s Snowden Australia has confirmed 500 million tons coal reserves in Salt Range and Trans Indus Range [11] .
Daood et al [12] performed the combustion test of Thar lignite in pilot scale facility and studied the emissions of the coal like NO x , CO, CO 2 and SO 2 with slagging and fouling analysis of ash samples at different combustion conditions. Zaidi et al [13] studied the coal reactivity and char formation for the five coals collected from Lakhra, Sindh, Sore-Range & Sharigh, Baluchistan, Makarwal, Punjab, Pakistan and Sin Kiang, China. Iqbal et al. [14] investigated four coal samples from Islamkot, Thar parker and studied the effect of particle size on peak & burn out temperatures and increase in VM on removal of inherent mineral. Naveed et al [15] investigated the coal of Eastern Salt Range (Chakwal) and recommended the coal for gasification. However, the work on Salt Range and Trans Indus Range coal is very limited.
This study focuses on the geology, coal field stratigraphy and combustion perspectives of the coal from the Salt Range and Trans Indus Range. It will help engineering community, government and private sector to make decisions for the investment in design, engineering and installation/setup of coal mines and small to medium size coal power plants. It will help to exploit indigenous coal resources of Punjab particularly and Pakistan generally to produce cheap electricity as compared to oil fired power plants and to bridge the gap between demand and supply of electricity for better economic growth. The collision started somewhere in Eocene (about 65 Million Years ago).Both the Plateaus are separated by Indus River [16] . Structurally, both the plateaus are fold and thrust belts. In the north these are bounded by Main Boundary Thrust (MBT) while in the south these are bounded by Main Frontal Thrust (MFT) [17] .
Geology

Geological
Depositional record of the Kohat-Potwar geologic province is found from Late Proterozoic to Holocene.
The Salt Range as rightly said "THE MUSEUM OF GEOLOGY" extending about 250km East-West and about 7-8 km North-South is the most southern part of the Himalayan Orogeny. It is exposed along the Main Frontal Thrust (MFT). The ramp like structure dipping north, verging south on the Indo-Pak Plate seems to be responsible for the Salt Range thrust (a part of MFT). On the east, the Salt Range terminates along the Jhelum Fault and in the West it terminates with the Kalabagh Fault and from there it runs in North-South direction [18] .
Stratigraphy
Coal of Salt Range and Trans Indus Range is found at three different stratigraphic horizons i.e. rocks of Permian age, Hangu and Patal formations of Palaeocene age. The age range of stratigraphic units of the Salt Range is from Precambrian to Quaternary (Fig. 3) . Permian coal is the oldest coal which is located in the Western Salt Range and is limited in quantity. Palaeocene coal is younger coal which is extracted from Hangu and Patal formations and is available in abundance. This coal is mined from Eastern and Central Salt Range and Trans Indus Range. The coal seams are generally developed in the middle part of the Patala Formation which is 18-20m thick in this area [10] .
Eastern Salt Range
Earliest coal mining in the Eastern Salt Range dates back to the 1880's. Some of the mines are now well developed. The area covered by the Eastern Salt Range coalfields extends from Ara to Nilawahan (Fig. 4 . Intense mining activities are confined to Ara and Dandot. The workable coal seam in this area has been referred to as the 'Dandot coal seam' in previous literature. Clay and sand partings split the coal bed into two or more coal seams in some areas, but generally only one coal layer is worked. The situation in this area is very much similar to that of the Central Salt Range. Thin coal seams ranging from 15 to 22 cm are being mined at a few places, whereas a seam of more than 1 m thick is mined at other places. Such places include east of Khewra where a poor quality pyritic coal, greater than 1.2 m thick has been measured. At Dalwal, the coal seam varies from 0.3 to 1.2 m in thickness. Northwards, thin coal seams, ranging from 15 to 22 cm are also being mined at many places. Eastwards, in the Dalwal and Nilawahan area, the coal seam is a few centimetres [19] .
Central Salt Range
The coal mining in the Central Salt Range was started in the beginning of the 20th
Century at Katha collieries. The coal seams are not consistent in thickness ranging from 0.08 to 1.5 m. The absence of the coal in certain areas is attributed both to tectonic causes and non-depositional reasons. Generally, the coal is the thickest in the south and the thinnest in the north of the coalfields. In the western part, siltstone and sandstone form the base of the coal seam while in the eastern part shale and clay stone form the coal floor. Facies change from sand and silt to clay stone is observed in the central part of the coalfield. The roof of the coal seams is mostly shale but sandstone and siltstone are also present in various locations. Frequently, a coal seam is inter bedded with sand, silt and shale bands and in some cases these bands are significantly developed to the detriment of the coal seams [19] .
Western Salt Range
Permian coal is found at Buri Khel, (Lat 
Trans Indus (Surghar) Range
The coalfields of the Trans Indus Range are confined to Makerwal and its surrounding vicinity. Makerwal coal is found in the Hangu Formation and is mined only from one bed. Danilchik and Shah (1987) , made detailed investigations in this area and reported the thickness of the coal bed ranges from less than 1 metre to 3 metres [20] .
Experimental Work
The coal samples were collected from 30 different coal mines of Salt Range and Trans Indus Range for quality analysis including coal quality testing and combustion characteristics of the coal. Detail of samples with the names of the mines and the areas/districts is given in Table1.
Coal Quality Testing
Following coal quality testing for thirty coal samples was conducted from 
Combustion characteristics analysis of coal
Results and Discussion
Testing of Salt Range and Trans Indus Range coal was carried out to investigate the different quality parameters and combustion characteristics of the coal. These results would be helpful to check the suitability of the coal for combustion in steam and power generation plants. This testing is divided into two parts i.e. coal quality testing and combustion characteristics of the coal.
Coal Quality Testing
It includes Proximate Analysis, Ultimate Analysis, Calorific Value, Ash Fusion
Temperature and Ash Composition Analysis.
Proximate Analysis
Proximate However, the results of CUST for Proximate Analysis are more conservative as compared to SGS; therefore, they have been considered for further discussion.
Ultimate Analysis
Ultimate Analysis has great importance in design, performance analysis and 
Ash Fusion Temperature
This analysis is normally used to assess the coal quality for effective utilization, ash fusibility and its melting behavior during combustion. It could be used as a guide for coal blending, optimizing the use of coal resources and operational parameters of coal fired power plants. It helps to predict the true combustion conditions and suitability of coal for the combustion [21] . 
Ash Composition
Combustion characteristics of coal
The coal combustion consists of de-volatilization of the coal and the heterogeneous combustion of the char. The ignition rate is important combustion characteristics of the coal. Evolution and ignition of volatiles occur simultaneously with higher heating rates however de-volatilization will start before ignition and combustion with low heating rates [24, 25] .
Mean values of important combustion parameters are given in Table 2 . Table 3 shows the results of ignition temperatures and combustion characteristics indices of thirty coal samples.
Discussion and Recommendation
Certain coal characteristics have great effect on the combustion and emissions of the coal. and Lakhra (4.3% -49%), however, ash contents of Degari (4.9% -17.2%) and Thar (3.9% -11.5%) are quite less and comparable to Indonesian coal (14% max).
Average value of ash in the investigated coal on dry basis is 34.6% which is higher than good quality coal. Higher ash content in the coal reduces the efficiency of the boiler. Ash also causes serious erosion to the boiler parts and it is a big challenge to keep the boiler in long term continuous operation with high ash coal. However, heat from bottom ash could be utilized by means of different waste heat recovery technologies to improve heat rate of the plant. Fixed carbon in the investigated coal ranges from 22.2% to 42.2 % with mean value of 31% which is less than Duki (28% -42%), Degari (41% -50.8%) and Indonesian coal (40.2%) and is greater than Lakhra (9.8% -38.2%) and Thar (14.2% -34%) coal. This coal has low carbon and if the carbon content in the coal is low, its GCV will be low and ash will be high and vice versa in case of high carbon value.
For complete combustion, carbon needs sufficient time and temperature having good mixture with air. If carbon residence time is not sufficient, it could not be combusted completely. Coal particle size should be according to design and in the required distribution ratio. If the coal particle size is too small, it may blow off with fluidizing velocity and causes an increase of the carbon in fly ash. If the size of coal particles is too large it might not be combusted perfectly even after circulation of multiple times in FBC boiler and it may increase the carbon in bottom ash. Such cases will increase the Non-Complete Combustion Loss [5] .
Sulfur in the investigated coal ranges from 3.3 % to 11.1% with mean value of 7.1% (adb) which is greater than the sulfur contents in the coals from Duki (4% -6%), Degari (0.6% -5.5%), Indonesia (1 % max) & Thar (0.4% -2.9%) and less than the sulfur in Lakhra coal (1.2% -14.8%). Sulfur is a combustible substance and can be completely converted to SO 2 . Due to higher SO 2 concentration, the moisture contents in the flue gas will condense and combine with SO 2 to form sulfuric acid. To avoid the acid formation in the flue gas duct, it becomes necessary to increase the exit temperature of flue gas which causes an increase in flue gas loss. If SO 2 is emitted to the atmosphere, it will combine with the moisture in the clouds, and causes acid rain which may destroy the structures and crop land. For elimination of SO 2 in flue gases, limestone is mixed with the coal and Ca/S ratio could be 1 -5 [31] in FBC boiler depending upon limestone quality, particle size, the quality of solid mixing, combustion temperature, degree of fly ash recirculation in case of CFBC and schematic of coal and limestone feeding points [32] . To get the same desulfurization efficiency, the Ca/S ratio should be higher than 4 for grate boiler and higher than 6 for Pulverized Fuel Boiler [33] . Addition of more limestone for higher sulfur in coal may form CaS that is one kind of catalyst which facilitates nitrogen to be converted to NO x . Hence, FBC boiler burning high sulfur coal, with in-furnace desulfurization may cause an increase in NO x emission.
Therefore, it is necessary to optimize the combustion with desulfurization to avoid increase in NO x over the emission limits [34] .
Normally, nitrogen is found in the organic form inside the coal and it is converted to NO x during coal combustion. NO x is harmful mixture gas of NO and NO 2 . This is the most common case in FBC boiler. Other source of the Nitrogen is from air which is required for coal combustion. Table 4 ].
As evident from C showing that the coal is non-slagging [36] .
Similarly the average fouling index of the coal is 2.13 which lies near the bottom line of the range 0.6 -40. Therefore, this coal is not causing serious fouling problems [37] . Table 3 
Scenario-I: Use of representative (average) coal of Salt Range and Trans
Indus Range for combustion
Average coal of Salt Range and Trans Indus range has low moisture, high ash, ultra high sulfur, high VM and low GCV. Table 5 shows the recommended blends to get the average coal. To burn such kind of coal, FBC technology could be one of the best choices. Values of moisture, VM and GCV in the coal seem suitable for combustion but sulfur and ash are the most challenging problems of this coal.
Average value of sulfur is 7.1% and the following two methods are applied for desulfurization of coal to reduce SO 2 in gaseous emissions.
a) In furnace desulfurization:
Normally limestone is fed into the furnace with coal for desulfurization during combustion. Salt Range has huge resource of good quality limestone which is being used by many cement factories operating in this area. It is available on the cheaper rates and can be used with coal for desulfurization purpose. Ca/S ratio can be set from 1 to 5 depending upon quality and particle size of limestone to achieve maximum desulfurization efficiency [39] .
Only desulfurization during combustion process cannot achieve the higher environmental protection requirements for such high sulfur coal. Therefore post combustion desulfurization is also required.
b) Post-combustion desulfurization: It is also known as Flue Gas
Desulfurization (FGD) [40, 41] . There are two types of Flue Gas Desulfurization Process i.e. Wet Flue Gas Desulfurization Process (WFGD) [42] and Dry Flue Gas Desulfurization (DFGD). Both technologies have their own merits and demerits.
Any technology can be adopted according to requirement and priority of the end user.
Using above mentioned desulfurization technologies, SO 2 limits in gaseous emissions can be achieved up to 200 mg/NM 3 which meets European Standard of gaseous emission from coal fired power plants.
Average ash content in the investigated coal is 33.4% which is higher than ash content of any good quality coal. So combustion of the coal having high ash needs huge amount of water to cool down the bottom ash from bed. However, heat from the bottom ash can be utilized through different waste heat recovery technologies to increase the efficiency of the steam generation and its consumption processes.
Burnt ash is a huge byproduct of coal fired power plant burning high ash coal and it must be properly utilized to improve the economics of the plant.
Following are some possible uses of burnt ash of coal fired power plant:
I.
The resultant ash could be utilized for manufacturing of ash bricks of different sizes, density and shapes according to market requirement. These ash bricks might be cheaper than the normal clay bricks in Pakistan.
Complete feasibility study could be done for installation of ash bricks manufacturing plant on the basis of burnt ash from a coal fired power plant. Quality of the coal blends 4 and 5 is poor than that of average coal and they could be mixed with good quality imported coal (i.e. Indonesian coal) to improve their quality. Table 7 shows five different mixing schemes of imported coal (from 10% to 50%) with low quality local coals (blends 4 & 5) to improve their quality and make them suitable for combustion in coal fired power generation systems.
For blend 4 of local coal, any mixing scheme from (10% -50%) could be used depending upon the required quality of the coal. Mixing of 10% imported coal make its quality equal to average coal of Salt Range and 50% mixing makes it equal to or even better than the best coal of Salt Range. Kazmi and Rana,1982 ) 
